A recently observed lethal congenital defect of purebred Holstein calves is reported. Eighteen genetically related calves were necropsied. One calf had been aborted on gestation day 159, and the others were delivered between day 250 and day 285. Birth weights were reduced. The defect was characterized by shortening of the cervical and thoracic parts of the vertebral column due to multiple hemivertebrae, fused and misshaped vertebrae, and scoliosis. Symmetrical flexures of the carpal joints and the metacarpophalangeal joint in combination with a slight lateral rotation of the phalanges also were present. Similar low-grade arthrogryposis was present in the posterior limbs. Fifty percent of the calves had heart malformation. Other malformations occurred in a few calves. Complex vertebral malformation (CVM) is proposed as the designation for this defect. A genetic etiology is indicated because cases occurred following breeding between genetically related individuals. Two common ancestors were found; both were former elite sires of US Holstein origin. Because of the widespread international use of semen from sires occurring in the pedigrees of affected calves, CVM is expected to occur in several countries.
Malformations of the axial skeleton are among the most commonly recorded congenital defects in calves. [3] [4] [5] [6] 10, 12, 14, 15 Besides agenesia of caudal vertebrae, torticollis, scoliosis, kyphosis, and spina bifida are the most frequently observed vertebral malformations. Lesions in the cervical and thoracic portions of the spinal column are often associated with arthrogryposis. 4 Although the heritability of these defects generally is unknown, specific inherited malformations of the vertebral column have been reported. The most important of these is the short spine lethal, which has been reported in Holstein, Angus, and Norwegian Østerdal cattle. 4, 8, 11, 13 Around 300 hereditary congenital abnormalities have been reported in cattle. 7 However, surveillance for genetic diseases continuously reveals previously unrecognized diseases. In Denmark, a surveillance system for hereditary diseases in cattle has been in force since 1989. 1 As a part of this program, breeders report suspected cases of hereditary abnormalities, and selected cases are submitted for laboratory examination. Since October 1999, multiple Holstein calves with similar malformations have been reported. To investigate these observations, affected calves were sub-mitted for necropsy. The results of this investigation are presented here.
Materials and methods
Affected calves were submitted to the laboratory either directly from the breeder or through a local veterinary surgeon. If alive, calves were euthanized by intravenous administration of pentobarbital sodium. Necropsy was performed on arrival at the laboratory, 1-7 days (x ϭ 3.6 days) after death.
Laboratory examination. Necropsy was performed on all calves, and samples for histopathology were taken when tissues were suitable. Samples were obtained from the central and peripheral nervous systems, skeletal and heart muscles, lung, liver, spleen, kidney, adrenal gland, thyroid gland, thymus, and bones (only 2 calves). Specimens were fixed by immersion in 10% neutral buffered formalin, processed routinely, sectioned at 2-3 m, and stained with hematoxylin and eosin. Prior to processing, bones were decalcified in a 3.3% formaldehyde/17% formic acid solution. Van Gieson's collagen fiber stain and the luxol fast blue method were applied when appropriate.
Samples of lung and spleen were examined for bovine viral diarrhea virus (BVDV) by cell culture and antigen capture enzyme-linked immunosorbent assay (ELISA). 2 Pleural effusions were examined for antibodies against BVDV and Neospora caninum by ELISA and indirect fluorescent antibody tests, respectively. 2 Bone specimens were radiographed following necropsy. Specimens included the spinal column following removal of the arch (except for the caudal vertebrae), left anterior and posterior limbs, and the head.
Pedigree and reproduction data. Reproduction data and pedigrees for at least 5 generations were obtained from the Danish Cattle Data Base. Based on DNA extracted from muscular tissue (progeny), blood (dam), or semen (sire and grandsires), parentage was confirmed by StockMark Kit for Cattle, version II a used according to the manufacturer's recommendations.
Results
Eighteen calves originating from different herds in western Denmark reflecting the distribution of the Holstein breed were examined. Seventeen calves were the result of insemination with semen of Danish Holstein bulls, and 1 calf originated from an embryo imported from The Netherlands. Ten calves were males, and 8 were females. All were singletons.
Insemination and calving data were available for 17 calves. A male calf weighing 1.7 kg was aborted at gestation day 159. The other calves were delivered between gestation days 250 and 285, usually after day 260 (Fig. 1) . One calf (No. 5) was euthanized on day 1 postpartum, and the others were stillborn.
Necropsy findings. Compared with the normal body weight of full-term Holstein calves (approximately 43.5 kg for males and 41.5 kg for females), the mean body weight of affected calves was 25.8 kg for both males and females delivered after gestation day 260. The individual weights are given in Fig. 1 .
The heads of affected calves were of normal size except when dystocia-related subcutanous edema was present. Protrusion of the tongue was often found, and in some calves the ears were symmetrically displaced caudoventrally. Secondary palatoschisis, unilateral dermoid attacted to the conjunctiva, and slight brachygnathia superior was found once in each of 3 calves.
In all calves, the cervical and thoracic parts of the vertebral column were short, and the anterior thoracic spinous processes were prominent (Fig. 2) . Multiple hemivertebrae, scoliosis, and fused and misshaped vertebrae were present most consistently in the posterior cervical and the anterior thoracic region ( Fig. 3 ; Table  1 ). The proximal and occasionally middle parts of the ribs were fused, as were spinous processes in areas with vertebral malformations. The intercostal spaces were nonparallel, with the ribs radiating from the malformed vertebral region. The abdomen was protruding in 2 calves, and 1 calf had umbilical herniation of the abomasum (Fig. 2) .
Symmetrical arthrogryposis of the anterior limbs was present in all calves except the 159-day-old fetus. Lesions were similar in all calves, with a 10-20Њ flexure of the carpal joints and a 30-90Њ flexure of the metacarpophalangeal joint in combination with a slight lateral rotation of the phalanges causing medial deviation of the tips of contracted digits (Fig. 2) . Lesions of the posterior limbs were less evident and only observed in 13 calves. Tarsal lesions consisted of either slight symmetrical flexion (6 calves) or extension (7 calves) and low-grade symmetrical flexure of the metatarsophalangeal joint (12 calves), mostly with a medial rotation of the digits (Fig. 2) . Lesions of limb bones, joints, or muscles were not evident, and follow- ing postmortem tenectomy the limbs could be positioned normally.
Malformation of the heart was observed in 9 calves. In 6 calves the malformation included an interventricular septal defect (0.5-2.0 cm diameter), dextroposition of the aorta, and eccentric hypertrophy of the right ventricle. Only 1 calf had hypertrophy of the right ventricle, and 2 calves had transposition of the aorta and truncus pulmonalis, interventricular septal defect, and right ventricular hypertrophy. Complete atelectasis was present in 17 calves, and 1 calf had lobular atelectasis. Serohemorrhagic fluid was found in the thoracic cavity of all calves. The diaphragmatic surface of the liver had a nodular appearance in several calves with cardiac malformation. Normal amounts of abdominal fat were present. One calf (No. 5) had consumed colostrum.
Lesions in the central nervous system were restricted to 1 calf with slight herniation of the occipital lobes. The spinal cord followed the vertebral canal without compression. Histopathologic findings were nonspecific and restricted to occasional findings such as meconium and keratin aspiration, focal hemorrhages, and slight biliary congestion.
BVDV was not detected in any calf, but antibodies against BVDV were found in calf 5. Antibodies against N. caninum were detected in 1 calf (titer 1:80) .
Radiologic findings. The radiologic findings in the vertebral column ranged from a few misshapen hemivertebrae to a conglomerate of multiple malformed corpora with extensive corporal synostoses (Fig. 4) . These lesions were often accompanied by scoliosis. The number of affected vertebrae could be determined in most cases. However, in severely affected calves individual corpora could not always be identified. Irregularities in the trabecular pattern or sclerosis in the vertebral corpora were not observed. Lesions in caudal vertebrae consisted only of scoliosis.
Vertebral malformation occurred from the first cervical vertebra to the second lumbar vertebra, in lumbar vertebra No. 5, and in caudal vertebra Nos. 13, 18, 19, and 20. The number of affected vertebrae ranged from 2 to 18 (x ϭ 11.7). The distribution of affected vertebrae is given in Table 1 .
In malformed thoracic regions, the most proximal part of the ribs was commonly fused, but the distal parts were separated. In some calves with multiple vertebral malformations, the number of ribs in the affected region was unilaterally or bilaterally reduced. No lesions were found in the skull or appendicular skeleton.
Genealogic examination. Maternal and paternal pedigrees were available for 17 calves. These calves were progeny of 6 purebred Holstein bulls. Bull F (KOL Nixon, herd book No. DK234042) was sire to 11 calves, bull H (T Klassy, herd book No. DK236398) was the sire to 2 calves, and the remaining 4 calves were sired by different bulls (Fig. 5) . Parentage was confirmed in the 17 calves sired by Danish bulls, but the parentage of the calf of Dutch origin (calf No. 17) was not controlled. Bull E (T Burma, herd book No. DK230104) was maternal grandsire to 9 calves. Pedigree analysis revealed 2 common ancestral sires (A and B, Fig. 5 ). Both bulls were former elite sires of US Holstein origin. In the genealogic diagrams showing the familial relationship between affected calves and bulls A and B (Fig. 5) , only the most relevant individuals are shown. Bull A is related to many calves through his sons C and D and his grandson E (Fig. 5A) . These 3 bulls are also genetically related to sire B (Fig. 5B) . For sire B, his son I is centrally located in the pedigree, and he is genetically related to many defective calves. Several animals are of Dutch origin, including the parents of calf No. 17 and sire G. The distance between the common ancestor and the C2   C3   C4   C5   C6   C7   T1   T2   T3   T4   T5   T6   T7   T8   T9   T10   T11   T12   T13   L1   L2   L3   L4   L5   1  2  3  4  5  6  7  8 †  9  10  11  12  13  14 ‡  15  16  17 18
ϩ ϭ affected vertebra. † Also caudal vertebra nos. 18-20 ‡ Also caudal vertebra no. 13. Clinical signs of vertebral malformation were not evident in any of the parents. All sires had previously produced normal calves. Nine dams were heifers, and 9 were cows. All cows had previously given birth to normal calves. One cow had reportedly delivered a malformed calf following breeding with her own sire (bull E).
Discussion
Similar malformations were demonstrated in all 18 calves and consisted of hemivertebrae, synostosis, misshapen vertebral bodies, and scoliosis affecting mainly the posterior cervical vertebrae and the anterior and midthoracic vertebrae. Reduced body weight and symmetric arthrogryposis also were constant findings. Malformation of the heart was found in 50% of the calves, and other malformations were present infrequently. This combination of malformations constitutes a syndrome that has not been reported previously. The most striking feature of this syndrome is the vertebral malformations, and because of the complexity and variation of phenotypic expression, the name complex vertebral malformation (CVM) is proposed for this syndrome in Holstein calves.
A number of other vertebral malformations that must be differentiated from CVM occur in calves. The most important of these is the short spine lethal. In short spine lethal, almost all vertebrae are malformed, causing a reduction of the length of the entire vertebral column, but arthrogryposis is not present, and affected calves are delivered following a normal gestation length. 13 A large number of other malformations of the skeletal, muscular, and central nervous systems may cause clinical signs that must be differentiated from CVM. However, differentiation of CVM from other malformations can be made following necropsy. A di- agnosis of CVM must be based on the combination of vertebral lesions, symmetric arthrogryposis, and reduced body weight.
No indications of teratogenic agents were found during necropsy or during histopathologic and radiologic examinations. Antibodies against BVDV, probably of maternal origin, were found in 1 calf, which had received colostrum. Antibodies against N. caninum were present in another calf. However, this infection is common in Denmark, 9 so the finding is considered incidential.
All cases of CVM occurred in a familal pattern with extensive inbreeding. Affected calves were offspring of apparently normal parents and originated from different herds, and most cows had given birth to normal calves previously. Both males and females were affected. The familial relationships provide a mechanism by which a homozygous locus with alleles originating from a common ancestor could exist in the affected calf population. Although this pattern might suggest recessive inheritance, definitive data must be obtained by segregation analysis or genomic studies.
Extensive use of individual elite sires in cattle breeding combined with a breeding policy using genetically related sires for decades causes increased inbreeding in the population. This inbreeding has occurred in US Holsteins, 16 and although data are not available for Danish Holsteins, a similar increase has probably occurred. Identification of common ancestors in the present study is not surprising, and genealogic examination of randomly selected calves would probably reveal almost similar findings because bulls A and B were both widely used for artificial insemination. The findings suggest that 1 of these bulls is a carrier of the defect. However, based on the present study it cannot be determined which of these bulls carries the defective gene (Fig. 5) . Both bulls were genetically related to the parents of all malformed calves and to other likely carriers, e.g., bulls C and E.
The necropsy findings demonstrate variation in the phenotypical appearance of calves with CVM; some calves had minor vertebral malformations and others showed extensive lesions (Table 1) , which indicates a variable expression of the genotype.
Some calves were delivered at full term and others were delivered prematurely or aborted. The cause of this variation was not found. Similarly, the reason for the growth retardation was not determined. Calves with severe vertebral malformations, e.g., short spine lethal or heart malformations, are usually delivered at term, 13 and the malformations found in calves with CVM were not necessarily the cause of death. Therefore, an unrecognized lethal factor might be present in affected calves.
Because of the likely inheritance of this defect, the number of breeding bulls involved, their wide use, and their genetic relationship to formerly used international elite sires, CVM seems to be an international problem for the Holstein breed, and cases will probably continue to occur in a number of countries. One of the affected calves in the present report was of Dutch origin, indicating that cases are likely to occur in The Netherlands. Possible cases of CVM have been reported from The Netherlands recently. 17 Because of the expected importance of CVM for the Holstein breed, a brief report was published early in the investigation to inform breeding associations about this issue (Agerholm JS, et al.: 2000, Report No. 564, National Committee on Danish Cattle Husbandry, Aarhus, Denmark).
